Reports on the cerebral effects of fentanyl are conflicting; these studies have been influenced by the dose of fentanyl [1, 2] , the occurrence of seizures in animals susceptible to seizures [3, 4] and the presence [1, [5] [6] [7] or absence [2] [3] [4] of nitrous oxide in the control state. The purpose of the present study was to examine the effects of large doses of fentanyl on cerebral haemodynamics and cerebral metabolism in the absence of other general anaesthetics such as nitrous oxide in dogs which are relatively resistant to seizure activity.
MATERIALS AND METHODS
Following approval of the Animal Care and Use Committee of the Mayo Clinic, anaesthesia was induced in five adult fasted mongrel dogs (weights 11.5-16.5 kg) with high concentrations of halothane in oxygen administered within an airtight box. After tracheal intubation, anaesthesia was maintained for the surgical preparation with 1 MAC halothane (0.9% end-tidal) and 60-70% nitrous oxide in oxygen, adjusted to maintain Pa Oj at 20+ 10 kPa. The animals were paralysed with pancuronium 0.1 mg kg" 1 and the lungs ventilated mechanically to maintain normocapnia (P&co 2 5.1+0.3kPa). Thereafter, ventilation was not adjusted further. Cannulae were inserted into a femoral artery for blood sampling and measurement of mean arterial pressure (MAP), into a femoral vein for return of blood from the direct CBF measurement, and percutaneously into two peripheral veins for administration of drugs and fluids (normal saline at 75 ml h" 1 pulmonary artery via the right external jugular vein for measurement of right atrial pressure (RAP), pulmonary artery pressure (PAP) and pulmonary capillary wedge pressure (PCWP), blood sampling, measurement of body temperature, and measurement of cardiac output by thermodilution. Brain temperature was monitored with a parietal extradural thermistor and maintained at approximately 37 °C with heating pads and lamps as necessary.
Intracranial pressure was measured with an extradural fibreoptic device. The electrocardiogram was recorded continuously from limb leads. A four-lead bilateral EEG was recorded from disc electrodes cemented to the skull to minimize artefact.
After administration of heparin 300-400 u. kg" the sagittal sinus was exposed, isolated and cannulated as described previously [8] for direct continuous measurement of cerebral blood flow by a square wave electromagnetic flow meter [9] . The sagittal sinus drains primarily the anterior, superior and lateral portions of the cerebral hemispheres-approximately 54% of the total brain weight [10] . Blood oxygen content was calculated from measurement of oxyhaemoglobin concentration and oxygen tension. Blood glucose and lactate concentrations were measured using a membranebound enzyme (glucose oxidase or lactase oxidase) technique (Yellow Springs Instruments, Model 23A). The cerebral metabolic rate for oxygen (CMRo 2 ) was calculated as the product of CBF and the arterial-sagittal sinus blood oxygen content difference; whole body oxygen consumption (Fb 2 ) was calculated as the product of cardiac index (CI, cardiac output expressed as litre min" Continuous monitoring included MAP, RAP, PAP, EEG, ECG, temperature, CBF and ICP. Intermittent measurements included arterial, mixed venous and sagittal sinus blood-gas tensions, haemoglobin concentration and oxygen saturation for calculation of CMRo 2 , blood concentrations of glucose and lactate, serum concentrations of catecholamine, plasma concentrations of fentanyl, and end-tidal concentrations of halothane, nitrous oxide and carbon dioxide measured by mass spectrometry.
When the surgical preparation was completed, 0.5 % bupivacaine was infiltrated around all skin and muscle incisions. Halothane was decreased to an end-tidal concentration of less than 0.1 %. When this was achieved, nitrogen was substituted for nitrous oxide. The animal's eyes were covered and the ears plugged with cotton to decrease outside stimulation and no further manipulations occurred. When the end-tidal nitrous oxide partial pressure was less than 1.3 kPa, control measurements were obtained in triplicate over 15-20 min. Following this, fentanyl was given as a bolus in doses of 50 ug kg" 1 (two dogs) or 100 ug kg" 1 (three dogs). Cerebral and systemic haemodynamic function and metabolism were measured for 60 min following the single administration of fentanyl.
At the end of the study, the dura was exposed and incised and simultaneous bilateral cortical biopsies were taken by a technique that deposits a sample of brain (200-400 mg) into liquid nitrogen within Is [11] . The tissue was prepared for analysis [12] and tissue extracts were analysed by enzymatic fluorimetric techniques for phosphocreatine (PCr), ATP, ADP, AMP, glucose and lactate [13] [14] .
For the determination of fentanyl concentration, fentanyl and the internal standard, alfentanil, were analysed by a modification of the method of Phipps and colleagues [15] and Van Rooy [16] . Plasma was stored at -70 °C until extracted. Before use, glassware was exposed to a 5 % solution of dimethyldichlorosilane (Eastman Kodak) in toluene and rinsed in toluene. After thawing, to each 1.0 ml of plasma was added 0.1ml of aqueous alfentanil HC1 0.5 ug ml" 1 , 0.1 ml of NaOH 4 mol litre" 1 and 5.0 ml of 99 % mole pure benzene (Fisher) in a 13 x 100-mm screw top culture tube with a polytetrafluoroethylenelined cap. The contents were mixed on a rotary mixer for 10 min and centrifuged for 20 min at 900 g. The upper benzene layer (4.5 ml) was transferred to a 12-ml conical graduated centrifuge tube. The contents were evaporated to dryness at 40 °C with nitrogen. The residue was reconstituted with benzene 50 ul and 5 ul was injected onto the gas chromatograph column. A Hewlett-Packard model 5880A gas chromatograph equipped with a nitrogen phosphorus detector and a Supelco SPB-1 (30 m x 0.75 mm i.d.) column was used. The injector temperature was 300 °C, column oven 260 °C, and detector temperature 300 °C. The carrier gas was chromatographic grade helium flowing at 15 ml min" 1 . Values for fentanyl were calculated using the ratio of the fentanyl peak areas to the alfentanil internal standard peak areas and read from a standard curve formed by the ratio of known standard fentanyl peaks to known standard alfentanil peaks. Stock standard solutions of fentanyl and alfentanil were prepared in methanol. Working standard solutions of fentanyl and alfentanil were prepared from stock standard solutions diluted with benzene in amounts comparable to the 20-fold concentration range of fentanyl in the canine plasma.
For statistical analysis, results were compared between the two doses of fentanyl by multiple analysis of variance. When no differences were found, the values for both doses were combined. Mean values following the administration of
RESULTS
Following administration of fentanyl, there was a small increase in cerebral blood flow ( fig. 1 ). The mean (SEM) cerebral blood flow in the control period was 79 (12) ml min^/lOO g and it increased by 14% to 90 (14) mlmin-7100g at 5 min following administration of fentanyl and gradually decreased throughout the remainder of the study, to 58 (7) ml min^/lOO g at 60 min. This was accompanied by a small increase in cerebrovascular resistance (table I) which was not significant. With both doses of fentanyl the EEG changed from an awake pattern to a pattern of anaesthesia indicated by increased amplitude and slower activity. This was accompanied by a small decrease in CMRo 2 (table I, fig. 2) .
Fentanyl 50-100 ng kg" 1 had little effect on systemic haemodynamic values (table II) 135 (12) 118 (9) 106 (8) 108 (7) 105 (8) 91 (6) 85 (4) 92 (6) 2 (1) 2 (1) 3 (1) 3 (0) 4 (1) 4 (1) 5 (2) 4(1) 4.3 (0.5) 3.6 (0.4) 3.9 (0.5) 3.6 (0.4)
34 (6) 34 (5) 28 (4) 31 (5) 177 (14) 151 (14) 149 (14) 149 (12) administration of fentanyl, but returned to control value at 10 min. There was no significant change in heart rate, cardiac index, systemic vascular resistance or cardiac filling pressures following administration of fentanyl, although cardiac index and heart rate did gradually decrease throughout the study. Administration of fentanyl had little effect on arterial oxygen and carbon dioxide tensions (table  III) . A significant decrease in arterial pH occurred following administration of fentanyl and this decreased further throughout the study. This was accompanied by a gradual increase in blood concentrations of lactate. There was a significant increase in blood concentration of glucose, but no significant changes in plasma concentrations of catecholamines.
Plasma concentrations of fentanyl are presented in figure 3 . There was an anticipated correlation between dose of fentanyl and blood concentration. The decline was biphasic, with a rapid slope lasting approximately 30 min and a slow decline after 40 min. Cerebral metabolites obtained at the end of the study (table IV) were within normal limits. There were normal concentrations of the high energy phosphates, ATP and phosphocreatine, without accumulation of lactate. This indicates that there were no detrimental effects of fentanyl on the energy state of the brain.
DISCUSSION
It has been reported that, in animals, morphine [10] , fentanyl [1, [5] [6] [7] and sufentanil [18] decrease cerebral blood flow. In all these studies, the control condition against which the effect of the opioid was compared was ventilation with nitrous oxide. However, if the control state does not include the use of nitrous oxide, it has been reported that morphine [19] [20] [21] and fentanyl [2] have no effect on cerebral blood flow or that fentanyl increases cerebral blood flow [3, 4] . However, in the last two studies, fentanyl induced seizures which increased cerebral metabolism with an accompanying increase in cerebral blood flow. In a study of fentanyl in animals [2] four massive doses (cumulative dose of 4.4 mg kg" 1 ) were given to neonatal lambs; this produced significant decreases in regional cerebral blood flow to cerebellum, medulla, diencephalon and white matter, but no significant change in regional cerebral blood flow to pons, midbrain, caudate and cerebral hemispheres. The net result was no significant change in global cerebral blood flow. In that study, cerebral blood flow was measured by radio-labelled microspheres injected 8 min after the administration of fentanyl. In the present study, the CBF measured is global, representing 54 % of total brain weight draining primarily the cerebral hemispheres. The data from the Yaster study [2] for blood flow to the cerebral hemispheres are similar to those of the present study in which we observed a small but transient (5-min) increase in CBF, followed by a gradual decline in CBF.
The major depressant effect of fentanyl on cerebral blood flow and metabolism observed elsewhere [1, [5] [6] [7] may have been influenced by the presence of nitrous oxide in the control state. The effects of nitrous oxide on cerebral blood flow and metabolism vary with species, the effect being greatest in the dog [22] [23] [24] and least in the rat [25] [26] [27] . In the dog, nitrous oxide produces a 50-100% increase in CBF [23, 24] and a 20% increase in CMRo 2 [22] [23] [24] . Therefore, if the CBF and CMRo 2 were increased in the control state by nitrous oxide, there could be two explanations why fentanyl appeared to decrease CBF and CMRo 2 from control values. In studies in which fentanyl was administered to animals undergoing ventilation with nitrous oxide, fentanyl could have provided sufficient analgesia, sedation or both, to offset the hypermetabolism and accompanying increased CBF produced by nitrous oxide. In the canine study by Michenfelder and Theye [1] , the administration of fentanyl 6 ug kg" 1 produced a significant decrease in CBF and CMRo 2 which returned toward control at 20 min, the approximate 7j° of fentanyl [28] . In other studies [6] the control values were not measured in the same animals as those receiving fentanyl. In the animals receiving fentanyl, nitrous oxide was discontinued and eliminated before measurements of CBF and CMRo 2 were made. The cerebral effects of fentanyl in one group of animals were compared with the cerebral effects of nitrous oxide in another group of animals. Thus nitrous oxide may have increased CBF in the control state rather than opioids depressing CBF. It should be emphasized that only continuous monitoring of cerebral blood flow such as in the present study may detect transient changes in CBF or cerebral metabolism. Techniques such as washin or washout of tracer gases or the use of radiolabelled microspheres may miss such events.
Anaesthesia for the surgical preparation comprised 1 MAC halothane and 70 % nitrous oxide in oxygen. Following surgery, skin and muscle edges of the surgical incisions were infiltrated with a long-acting local anaesthetic. Before the 15-min control period, the halothane and nitrous oxide were discontinued because both anaesthetics are cerebrovasodilators and could increase CBF during the control period. External stimuli such as noise were minimized to avoid transient increases in CBF in response to such stimuli. These conditions provided the least effect on cerebral haemodynamics and metabolism so that the effect of fentanyl alone might be observed readily.
The present study demonstrated that fentanyl alone produced a small transient increase in CBF which was produced probably by the transient increase in MAP following administration of the drug. The increases in MAP occurred rapidly, so that the accompanying increases in CBF occurred before autoregulation could adjust for such changes. In all animals CBF returned to control values before MAP decreased. Autoregulation did not seem to be impaired. This was followed by a small gradual decrease in cerebral blood flow and accompanied by a small decrease in cerebral metabolism. It is concluded that fentanyl has little effect on cerebral haemodynamics and metabolism in dogs in the absence of other anaesthetics or drugs which may influence these variables.
